Processing of a continuous ceramic fiber/iron alloy composite by powder metallurgy was investigated. The preparation of a continuous ceramic fiber-reinforced iron alloy is feasible by mixing of continuous ceramic fibers and iron alloy powders in an ultrasonic equipment with acetone, followed by hot isostatic pressing (HIPing) or hot pressing (HPing) at 1273 K. In HPing, a volume fraction of ceramic fibers in the composite in which ceramic fibers are distributed uniformly depends upon a diameter of ceramic fibers and a mean particle size of iron alloy powders. When a volume fraction of ceramic fibers is more than an optimum value, the excess fibers aggregate, resulting in nonuniform dispersion of ceramic fibers. Nonuniform dispersion is also achieved because of the formation of ceramic fiber-free region when a volume fraction of ceramic fiber is less than the optimum value. In uniform dispersion of ceramic fibers, volume fraction of ceramic fibers in HIPed composite is higher than that in HPed composite. This is because ceramic fiber migration due to high stress occurs during HIPing. Therefore, to obtain the composite with uniform dispersion of ceramic fibers, the specimen is to be uniformly deformed during HIPing.
Introduction
Continuous high-strength ceramic fiber reinforced metal is one kind of metal matrix composite. Since aluminum is light and has a low melting point, several aluminum matrix composites have been developed. The fusion-solidification method has been generally used as the production method. It has been reported that wetting of the liquid metal on the surface of the ceramic fiber and the reaction at the fiberliquid metal interface affect the mechanical properties of the composite. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Few studies have been conducted on composites made from titanium or iron, both of which have high melting points. This is because the reaction at the fiber-liquid metal interface is activated and damage to the fiber is accelerated as the melting point of the matrix metal increases. 8) Therefore, a new type of production process is required for the titanium matrix and iron matrix composites. Recently, several production methods involving electron beam vapor deposition or metal spraying were reported for titanium matrix composite. [11] [12] [13] However, it is difficult to use these methods for a fine fiber. Furthermore, production by these methods is very expensive. There are few reports regarding iron matrix composite.
We examined the processing of continuous ceramic fiber/ iron alloy composite by powder metallurgy. Powder metallurgy is highly suitable for retarding damage to ceramic fibers because the sintering is performed at temperature well below the melting point. We have reported that the preparation of a continuous ceramic fiber/iron alloy composite is feasible by * hot isostatic pressing (HIPing) of a lamination of iron alloy powder sheets prepared by the doctor blade method and continuous ceramic fiber sheets consisting of yarns with several hundred filaments of 10 µm diameter.
14)
The composite obtained may be regarded as a ceramic matrix composite rather than a metal matrix composite because the fraction of ceramic fibers is 82 vol%. There have been few reports regarding iron matrix composite in which continuous ceramic fibers comprising less than 50 vol% are uniformly dispersed.
Therefore, iron alloy powders and continuous ceramic fibers were mixed by ultrasonic vibration, followed by HIPing or hot pressing (HPing). As a result, a composite in which ceramic fibers comprising less than 50 vol% were uniformly dispersed was achieved. In the present paper, the process for preparing the composite is explained in detail.
Experimental Procedure
Woven alumina fabrics (Mitsui Mining Material Co., Ltd.: Almax; crystal phase: α Al 2 O 3 ; purity: Al 2 O 3 > 99.5 mass%; true density: 3.6 Mg/m 3 ; filament diameter: 10 µm; number of filaments: 1000 filaments/yarn; Young's modulus: 323 GPa; tensile strength: 1.76 GPa; thermal expansion coefficient: 8 × 10 −6 K −1 ) were used as the starting continuous ceramic fiber. Continuous alumina (CA) fibers were prepared by removing the transverse yarns from the woven fabrics. High-speed steel (HSS) powder (Mitsubishi Metal Co., Ltd.: MIREX; mean particle size: 13.4 µm; true density: 7.93 Mg/m 3 ) was used as the starting iron alloy. Figure 1 shows a schematic diagram of the process with HIPing. CA fibers and acetone were inserted into a steel pipe welded at one end, followed by mixing of HSS powders with ultrasonic vibration at 38 kHz. The steel pipe was degassed at 823 K in vacuum and then sealed by TIG welding. Thus acetone and the sizing agent (epoxy resin) coated onto the surface of CA fibers were removed by heating at 823 K.
The steel capsule obtained was HIPed at 1273 K for 2 h under the pressure of 98.1 MPa (Kobe Steel Ltd.: Dr HIP). Figure 2 shows a schematic diagram of the HIP process. HIPing was carried out by the process in which heating precedes pressing. Figure 3 shows a schematic diagram of the process with HPing. Acetone was inserted into a stainless steel vessel, followed by mixing of CA fibers and HSS powders in acetone with ultrasonic vibration at 38 kHz. After drying, the green composite was removed from the stainless steel vessel, and subjected to HPing at 1273 K for 1. shows a schematic diagram of the HP process in which heating precedes pressing. In order to prevent HSS powder leakage from the graphite mold during HPing, heating time was shortened compared with that of HIPing.
Microstructures of the cross section of the HIPed and HPed composites were examined using a scanning electron microscope (Topcon Electron Beam Services Co., Ltd.: SM-300). The volume fraction of CA fibers or the area fraction of CA fibers in the cross section of the composite was measured using an image analyzer (Nireco Co., Ltd.: Luzex-FS). Figure 5 shows the cross section of the composite obtained by HIPing. In Fig. 5 (c), gray, white and black regions correspond to the HSS matrix, carbide and CA fiber, respectively. CA fibers are thought to be parallel to each other in the longitudinal direction because the cross section of CA fibers is round, as shown in Figs. 5(b) and (c). Sintering of HSS powders with no reaction to CA fiber was achieved. Also there was no damage to the CA fiber. Thus HIPing at 1273 K for 2 h at the pressure of 98.1 MPa is suitable for the production of the composite. The CA fiber-uniformly dispersed region, CA fiber-free region and CA fiber-aggregated region are observed in Fig. 5(a) . The volume fraction of CA fibers in the entire region ( Fig. 5(a) ) was 25.4 vol%. The fraction of CA fibers in the CA fiber-uniformly dispersed region ( Fig. 5(b) ) was 26.5 vol%. Figure 6 shows the cross section of the composite in which the volume fraction of CA fibers is higher than in the case of Fig. 5 . The CA fiber-aggregated region was larger than the CA fiber-uniformly dispersed region. The fraction of CA fibers in the entire region ( Fig. 6(a) ) was 60.2 vol%.
Results

Process with HIPing
As mentioned above, it was difficult to produce a CA fiberuniformly dispersed composite by HIPing. Although the starting shape of the steel capsule was cylindrical, as shown in Fig. 1 , it was transformed into a plate by HIPing. In HIPing, isostatic pressure is applied to the capsule. However, the shape of the capsule does not necessary remain a similar shape after HIPing. In the early stage of HIPing, the shape of the cross section of the capsule may be transformed into an ellipse. The deformation of the capsule progresses as isostatic pressure increases, resulting in the plate. Even if green composite has uniform dispersion of CA fibers before HIPing, no CA fiber-uniformly dispersed composite is likely to be achieved because of CA fiber migration due to nonuniform deformation of the capsule during HIPing. This suggests that a method of preparing green composite by cold isostatic pressing or a preparation method in which the capsule is transformed into a similar shape upon HIPing is necessary for the production of a CA fiber-uniformly dispersed composite. Figure 7 shows the cross section of the composite obtained by HPing. In Fig. 7(c) , gray, white and black regions correspond to the HSS matrix, carbide and CA fiber, respectively. The size of the carbide is similar to that in the case of HIPing (Fig. 5(c) ). This is because the heating temperature and holding time in HPing are similar to those in HIPing. CA There was also a CA fiber-free region. The fraction of CA fibers in the entire region ( Fig. 7(a) ) was 13.8 vol%. The fraction of CA fibers in the CA fiber-uniformly dispersed region ( Fig. 7(b) ) was 16.2 vol%. This suggests that a higher volume fraction of CA fibers is necessary for the production of CA fiber-uniformly dispersed composite. Figure 8 shows the cross section of the composite in which the volume fraction of CA fibers is higher than in the case of Fig. 7 . As shown in low-magnification and highmagnification images, uniform dispersion of CA fibers was achieved. The fraction of CA fibers was 18.0 vol%. Figure 9 shows secondary electron images of the cross section of the composite in which the volume fraction of CA fibers is higher than in the case of Fig. 8 . Not only a CA fiberuniformly dispersed region but also a CA fiber-aggregated region are observed. This phenomenon was observed in the composite prepared by HIPing (Fig. 6(a) ). The fraction of CA fibers in the entire region ( Fig. 9(a) ) was 30.2 vol%. However, the fraction of CA fibers in the CA fiber-uniformly dispersed region was 20.0 vol%, which is nearly equal to that in the case of Fig. 8 .
Process with HPing
These results suggest that there is an optimum value of the volume fraction of CA fibers for producing the CA fiberuniformly dispersed composite. A volume fraction higher than the optimum value results in the aggregation of CA fibers, while a volume fraction lower than the optimum value results in a coexistence of the CA fiber-free region.
Discussion
It was found that there is an optimum value of the volume fraction of CA fibers for the production of a CA fiberuniformly dispersed composite. Therefore, we discussed this reason. Figure 10 shows a schematic of the closest packing of CA fibers. The volume fraction of CA fibers or the area fraction of CA fibers in the cross section in the composite is given by the following equation. V F = (one-half of the area of a fiber) (area of an equilateral triangle) × 100
Where V F is the volume fraction of CA fibers (vol%) and d F is the diameter of CA fiber (µm). Figure 11 shows a schematic of the formation of closest packing during HIPing or HPing. It is assumed that the closest packing is achieved when a HSS powder surrounded by three CA fibers is deformed into the shape shown in the righthand view of Fig. 11 by HIPing or HPing. In other words, it is assumed that the area of HSS powder surrounded by three CA fibers (left-hand view of Fig. 11 ) is equal to that of HSS surrounded by closely packed fibers (right-hand view of Fig. 11 ). The area of HSS powder surrounded by three CA fibers (lefthand view of Fig. 11 ) is given by the following equation.
Where d H is the diameter of HSS powder (µm). From Fig. 10 , the area of HSS surrounded by closely packed fibers (righthand view of Fig. 11 ) is given by the following equation.
S 2 = (area of equilateral triangle)
− (one-half of the area of a fiber)
In the present study, CA fiber of 10 µm diameter was used. Substituting this value into eq. (4), the diameter of a HSS powder which enables closely packed sequences is 2.27 µm. Therefore the closest packing may be achieved when the diameter of HSS powder is smaller than this value. When the diameter of HSS powder is larger than 2.27 µm, one can predict that a CA fiber is surrounded by HSS powders. It is assumed that a CA fiber is surrounded by n HSS powders (n is an integer of ≥3) and one-half of these powders are sintered without forming pores. Figure 12 shows a schematic of the formation of CA fiber-uniformly dispersed composite with n of 5. In this case, the diameter of HSS powder is 14.5 µm. This is nearly equal to the diameter of HSS powder used in the present study. The volume fraction of CA fibers is given by the following equation.
V F = (area of a fiber)/(area of a fiber + one-half of the total area of n HSS powders) × 100
(5) Figure 13 shows the relationship between V F and d H for d F = 10 µm. In Fig. 13 , the relationship for closest packing is also shown. When the diameter of HSS powder is larger than 2.27 µm, the volume fraction of CA fibers decrease with an increase in the diameter of HSS powder. The measured volume fractions of CA fibers in the HPed composites are plotted in Fig. 13 . The symbol indicates uniform dispersion of CA fibers, while the symbol indicates nonuniform dispersion of CA fibers. In Fig. 13 , the symbol falls on or near the curve (Eq. (5)). This suggests that CA fiber-uniformly dispersed composite is achieved only when a CA fiber is surrounded by HSS powders and one-half of these powders are sintered without forming pores. When the volume fraction of CA fibers is higher than the optimum value, a CA fiber-uniformly dispersed composite is not achieved because of the aggregation of excess CA fibers. On the other hand, when the volume fraction of CA fibers is lower than the optimum value, a CA fiberuniformly dispersed composite is also not achieved because of a coexistence of the CA fiber-less region. Thus, with the combination of CA fibers of 10 µm diameter and HSS powder of 13.4 µm mean particle size, CA fiber-uniformly dispersed composite is achieved only when the volume fraction of CA fibers is nearly 18 vol%. In order to produce a composite having a high volume fraction of CA fibers, we examined the combination of CA fiber diameter and mean particle size of HSS powder. Figure 14 shows the relationships between V F and d H for CA fibers with different diameters. As shown in Fig. 14 , the composite with the CA fiber fraction of 50 vol% is achieved when the mean particle size of HSS powder is 5 µm for CA fibers of 10 µm Uniform dispersion Nonuniform dispersion diameter. For 20 µm CA fiber, the suitable mean particle size of HSS powder is about 9 µm. By optimizing the combination of CA fiber diameter and mean particle size of HSS powder on the basis of eq. (5) or Fig. 14 , preparation of CA fiberuniformly dispersed composite with the desired volume fraction of CA fibers is feasible.
Uniform dispersion of CA fibers was not achieved by HIPing. As mentioned above, the volume fraction of CA fibers in the CA fiber-uniformly dispersed region of the HIPed composite (26.5 vol%) was higher than that of the HPed composite (18.0 vol%). This is because CA fibers migrate with nonuniform deformation of a steel capsule during HIPing. As shown in Fig. 13 , small HSS powders of about 10 µm diameter are required to achieve the CA fiber fraction of 26.5 vol% by HPing. In the sense that the effect of HIPing is equivalent to reducing the diameter of HSS powder, HIPing is applicable for the production of the continuous ceramic fiberreinforced iron alloy. In HIPing, compressive stress is transferred to the sample through the steel capsule. Therefore nonuniform deformation of the capsule occurs during HIPing, depending on the shape of the capsule, resulting in CA fiber migration. Thus, not only a CA fiber-uniformly dispersed region but also CA fiber-free and CA fiber-aggregated regions may be formed. In Fig. 5(a) , although the volume fraction of CA fibers in the entire region (25.4 vol%) was nearly equal to that in the CA fiber-uniformly dispersed region (26.5 vol%), nonuniform dispersion of CA fibers occurred through out the entire region. This may be caused by the phenomenon mentioned above. To obtain CA fiber-uniformly dispersed composite by HIPing, a green composite should be uniformly deformed during HIPing. It is necessary to give full consideration to the deformation of a capsule upon HIPing, in addition to the HIPing conditions.
Conclusions
Processing of a continuous ceramic fiber/iron alloy composite by powder metallurgy was investigated. The following conclusions were obtained.
(1) The preparation of a continuous ceramic fiberreinforced iron alloy is feasible by mixing continuous ceramic fibers and iron alloy powders in acetone with ultrasonic vibration, followed by HIPing at 1273 K for 2 h at the pressure of 98.1 MPa or HPing at 1273 K for 1.5 h at the pressure of 41.3 MPa. Sintering of iron alloy powders with no reaction to ceramic fiber is achieved. Also, there is no damage to the ceramic fiber.
(2) In HPing, the volume fraction of ceramic fibers in the composite in which ceramic fibers are uniformly dispersed depends upon the diameter of ceramic fibers and the mean particle size of iron alloy powder. There is an optimum value of the volume fraction of ceramic fibers for producing ceramic fiber-uniformly dispersed composite. When the volume fraction of ceramic fibers is higher than the optimum value, excess fibers aggregate, resulting in nonuniform dispersion of ceramic fibers. When the volume fraction of ceramic fibers is lower than the optimum value, nonuniform dispersion of ceramic fibers also occurs because of a coexistence of the ceramic fiber-free region.
(3) In ceramic fiber-uniformly dispersed composite, the volume fraction of ceramic fibers in HIPed composite is higher than that in HPed composite. This is because ceramic fiber migration occurs during HIPing. To obtain ceramic fiber-uniformly dispersed composite, green composite should be uniformly deformed during HIPing. It is necessary to give full consideration to the deformation of the capsule upon HIPing, in addition to the HIPing conditions.
